[~

CEELSPYS Wi R AT

g

Progress tiirongl

e — i, et .

-
Ragendzed by tow

tor beceral Somatiic & Tackoncal
Srogheld Yo 27151

-
>

(;

"

e

,/_{
7 DYNATEC!H
Rexen ;',-];7"-",

-

\

LN

RN

LIS, W R Irog et RSN

AR IR AR SN L At

PP TOE g

e




. — e ——

Submirted 1o
.S, NAVY

Bureau of Shigs
Washington 25, D.C.

June 29, 1961

DYNATECH CORPORATION
639 Massachusetts Avenue

Cambridge 39, Massachusetts

BUR-1

for Debin reease 11 28 1a
' Zlamnibuhion nmired

NI o M Sl Al se RIS N
\

Taesan et Kg ar awe o

- S




TABLE OF COGNTENTS

LIST OF PROCEDURES
LiST CF CCZSIGN GHARTS
PREFACE

1.0 INTRODUCTION

2.0 INTRODUGCTION TO PARAMETERS AND GENERAL
METHCDS CF COMPRESSIBLE FLOW

2.1 Mach Number
2.2 Total Pressure and Loss Coefficients
2.3 Total Temperamre

2.4 Mass Flow Parameter and the Continujcy
Relartion

2.5 Choking in Compressible Flow
2.6 “Gas Properties

-

w
(o

- SOURCES AND METHODS EMPLOYED IN CCVELOPMENT
OF CALCULATION PROCEDURES FOR BJCT LOSS
CALCULATION

3.1 Straight Constant Area Ducts
3.2 Area Change
3.2.1 Abrupt Area Increase
3.2.2 Abrupt Azea Decrease
3.2.3 Diffusers

3.2.4 Converging Duct {Nozzle)
3.3 Bends

3.4 Screens and Gratings

(7

O O Wn

10

ot v

G s Fh S X s 3 e et




e e ——

e e e e e i

R

U

13

TABLE OF CONTENTS (cont! d)

3.0 CALCULATICN PROCEZDURES AND EXANPLES

4.1 interprewradon of Frocedure Diagrams
4.2 Examples —
4.3 Closely Coupled Components

-

P  PROCEDURES
D  DESIGN CHARTS

5.0 APPLICATION OF CALCULATION PROCEDURES
TC A DUCT SYSTEM. - _

5.1 Sample Duct Pressure Loss Calculation
5.1.1 Intake Duct
5.1.2 Exhaust Duct
5.2 Effect of Pressure Loss on Turbine Performance

-

NOMENCLATURE

BIBLIOGRAPHY

89
89
94
99

103

107




-

v
. (Y SRS i
vt TR B Fﬂﬁ‘ﬁ?ﬁ‘;“\l‘ WP {2y :‘.l". .

o A

e

PR e Y

P-3

P-4

P-7

LIST OF PROCEDURES

Mach Number
Srraight Duct

2.1 Intake Duct
2.2 Exhaust Duct

Duct Inlets, Simplifiec Procedure

—-\

3.1 Inler Length with Bellmouth Entrance
3.2 Inlet Length witr Shar»-Edged Entrance, with

or without scree.1s at entrance

Abrupt Area Increase

4.1 Intake Duct
4.2 BExhaust Duct

Abrupt Area Decrease
5.1 Intake Duct
5.2 Exhaust Duct

Diffusers

6.1 Intake Duct
6.2 Exhaust Duct

Bends

7.1 Intake Duct
7.2 Exhaust Duct

&

33

35
37

39
i

43
43

45
45

47
49

33

A s o i Tl




%
¢
£
5
¥
?
i

v RN

PP

P-10

iv

LIST OF PROCEDURES (cont’ G}

Screens and Gratings

$.1 Inwake Duct
8.2 Exnzust Duoct

Duct Inlets, Alternate Prcocedure for Bellmouth Eptrance

-~

9.1 L/D> 30

9.2 L/D < 30, test for procedure
9.2.1 L/D < -}-‘g—

9.2.2 :g- <F <X

Duct Inlet, Alternate Procedure for Sharp-Edged
Entrance

59
61
61

63

[P

[P SP ¥1




:
H
¥
3
£
'
]
§
F
t
!
S
§
4
;
H

-

D-1

D-2

D-3

‘D-4

LIST OF DESIGN CHARTS

Mass Flow Parameter

(a) Compuzed from total pressure
(0} Computed from static pressure

Reynolds Numrber, Re

Relative Roughness, -B-

Friction Factor, 47T (fully developed) = - ~

Laminar Inlet Length Loss Coefficient, 4T - -E-
f

Turbulent Inlet Length Friction Factoz, 2
b T
L max 0 :
47 D and -f’:"'«

Sharp-edged inlets

Abrupt area increaser

D-10 Abrupt area decrease

D-11 Diffuser Loss Coefficients

D-12 (a), (b) Circular Cross-section Bends, Loss Coefficients

(c), (d) Square Cross-section Bends, Loss Coefficients

\-\13 (a) Round Wire Screens

(b) Sharp-edged Gratings

65
66

67

68

69

70

71

72

73

74

75

76

77
78

79
&0

R s

IR NN

i e L B 3N

e R whemen e




\

",

A R Ly Ly \ﬂh‘(\\iﬂﬂ"\“w\\‘ww

A ———— e 2 o S

vi

LIST OF DESIGN CHARTS (cont' d)

Page
Pa2

D-14 Loss Coefficient, C ve | - = 81
Py pol

D-15 Bend Angle L.oss Factor 83

UM AN S Rl S PVW OOl SR, oA 14 = it m

VY




- o ‘fBREﬁA‘ce‘

The piimary.puz g}ose of this régort is- toi’ulﬁn the contract require-
ment for-a sét oi:%esxgn data sheets, snmlamn ‘form and application
to Bus 2ps Desxgn Data Sheer DDS: 3801- 2, but for calcula:ion of pres-
surelosses ar: high gas velocities in gas mrbine ducting. This purpose:
is- accomphsheé in :he design charts: and desxgn procedures found in
Sections 4:4nd-5, These have: been ‘prepared in. such form- that they
. may ‘be,ex:facted“t‘fé“m ‘the other secnons of the zeport 16 form 2 self-
contamed*ser of | procedu’es and data necessary o .he calculation.of
' mgn speed ducn.“g xoeses, agd,sp:yoq;gm:the necegsazy«elemepts for
a DesignDitaSies= - |

‘;ss’sﬁf‘e;ggéjé’tﬂbiédi‘thefmater,al necessazrfor the réquired. procedural
:aﬁd‘%déza"secixone, WE-T eauzed that this repon wauld be of more: value
tosthoSe. who are ulnmate’y reaponsxble for prepa:anon and.the peri- ..
. miore valuable to: the mformﬂd user, if mogore.secuons were to.be
included-m the Teport: : )

- oaic zvvismm ;ang: 1mprovement .0f the De<1gn Data aheets -apd. péxhaps

-
-

{1), A briéff«iﬁti’dduction H0: the parameters and genera.x methods of ~

T A R s PSRN

i compfessxble (h1gh speed) “flow: '1“1e calcalauon procedures,
: g and the governing flow- parameters, aré:in most cases -guite
o
e d1ffereut from thosé met.in-calculating drconipressible. (low
%
1, _speed) duct flows. We hope that the short introdiction included
)Sb . - $ Section 2-of the: teport will be helpful to those who are primar-
i ily familiar with the methods of incompressible flow calcuj.auons, .
g in understandingthe procedufes reécommended in this report, and
W e in appreciating some of the reasons for thelr complusley when
{ compared to incompressible merhods,
A
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¢y (2). Somenores:on Hié-date sources ang nieibods ihat were-employed
in-the preparatios of tie design.charis and e ptocesures, Cur
3 survey of the datz availitle fn theé Hleramre on-compressibiliry

- fhigh: speed) ef::,cs An duct ﬂo“s s;.oweﬁ -G1at there are:many
areas wheze data ig incomplete oz mcor&aswe, -and-in. fact
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somezmes confliciing. T2is is 2150 tzue to a lesser extent of
- . the availzble dataon. moo'npresszble dyct fiows f:om various
sources: ThiS situationresulted in the necvssztyg in preparing
- “the final charts and p:éceéu:és«whic}'; are-our. ‘r‘é“commaridatisns
for .caleulation, of dypw:n" ouy judaement in chobsing data. sources;
of generalizing from mcomplete dasa; and of calcilating from dheo-

remm analysis, to extend existin g data or methods (e. g., the

analysm for abrupt atea decresse im Section 3.2.2).

We have antempted.to make the design charts and calculation proced-
* ures as complete as possible. ’I’Ens means-that, in some cases, where
m.\data is ixicqmplete cor inconclusive, we have made for the designer the
- .decisions and juégemen’-:s that would confront him, if he were working

’

o

. - from the basic data available: Under these: circumstaices, ‘we have

v

felt it would be useful to include in our report some specific indica-

tions of the-sources-and tnethods which led to our recommendadons.

We hope that these notes will be useful if a critical review is made of
these methods at some later rime when, presumably, more high speed
duct flow data will be avazlable in the literature. These notes on methods
. and sources we have included as Section 3 of the report.

James R. Turner
~ , - . Project Manager

Approved by:
- " L.C. Hoagland
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1.9 IXTROZUCTION

Scipboerd gas caraine inier 3o exieus dacting is preseally desigped
for kow speed zas flows, af e cséer of 107 £7sec and Jess.  For
these velocities, fucting presause josses may be esumared with i
negl:gitie or-or by emploving the asseaipdoe that (be gas is #n in-
comgressitle fiuid. This 2sqemption impises thar density varizticns
are smil and <3 be igpored in ciculetion moihids. Pressere icss
caiculssion methods fo low speed Gows bassd & sacotapressible as-
surpeicus bave beeu coliscted and formalized in Refzzence 1. -

¥ it is Sesizatie to design inlet and exhaust ducsing for higher flow
velocinzs, and thus obizin ducting of smalier dian:eter, the losses

may no lokger heeeﬁmate&bytbeasmxﬁpﬁms of ircompressible
flow. At high subsonic zas velocities, above about Mach Number 0.2,

the magnimde of the density changes accompanying the pressute

changes due 1o accelerations, deceleradons, and losses should not be

iguored in calculztion. Furthermore, the loss coeificient character-
izing the pressure loss in each duczing- comporent, usually expressed
as a fixed percent;ge of the velocity head for a component of given
configuration in incompx'essible fiow, generally depends also on the
flow velocity (or Mach Number) in high speed flows. The presenta-
tion of a calculation procedure for high speec duct flows therefore
requires twc extensions of low speed calculation procedures:

1. Forrmulation of a calculation procedure which will wake into
account the effects of compressibility on local values of flow
parameters (pressure, density, velocity, etc.)

2. Correlation of available dita on the giwsr of Coin v - .1ty
on the pressure losses, or loss coefficiennts which charicierive

ihe pressure losses, in various Guct components.
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This zeport describes a calcilation system which permits the cal-
calation of ducting losses for high speed-flows. In the following
sections t?:e methods and data saur.,es employed 2re described,

and a sys:em is devised for apnhmaon to cuct pressure Igss cal. -
culatdons. This system has been reduced to a series of charts for
computaticaal aid. These charts are inciuded in a separate secrion
of this réport aad ars arranged so thar they may be extracted from
the report to form a self-contained calculation system similar i
form and intent to the material of Referencel. Although the sys-
tem is noi as simple in form and applicadicn as the mcompressxblb
procedures, they represent, "in our opinion, the snnplesr calcmauoa
procedures which can be applied to high speed flow calculations.
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2.0 INTRODUCTION TO PARAMETERS AND GENERAL METHODS

2.1

OF COMPRESSICLE FLOW

Accounting for gas compressibility effecis in the calculation of ducung
pressure losses, necessary ior high speed duct flows, introduces
several rew variables into the caiculations. Rather extensive changes
o incompressible flow methods and procedures mus: be made. The
purpose of this section is to provide a brief outdine of parameters and
methods employed in this report which are peculiar to compressible
flow calculations. Those anaiytical relations developed which are
important to the calculation procedure have heen reducad to chart
form in later sections. )

Mach Number

The Mach Number is the basic measure of the relative importance .
of compressibility effects. The Mach Number is the ratio of the fluid
velocity to the local speed of sound:

where ’

V = fluid velocity

¢ = local speed of sound = l/gok RT

Only subsonic duct velocities (i. e., M <1.0) have been considered.
For Mach Number M <0. 2, compressibility effects are small, and
incompressible calculation methods caa be applied with sufficient
accuracy.




Shapiro (Reference 2) and oihers have shown that mest compressible
flow czlculatons are most easily carried cut if the caiculation meth-
ods are formulated in such a way that Mach Number is the independent
variable of the calculetion procedure. For many of thz pressure-loss
calculations which follow, the Mach Number has therefore been chosen
as the independent variable. Generally, losses in ducting comgcenents
which do not involve area charge cause the Mach Number to incresse.
Therefore, it is possible that in a long ducting system, incompressi-
bie calculation methods may be appropric:e in sections rear the inlet,
with compressible methods becoming necessary as the Mach Number -
increasés.

2.2 ‘Total Pressure and Loss Coefficients.

The total, or stagnation, pressure is defined as the pressure which

a gas stream would reach if it were decelerated to zero velocity
withiout incurring any losses in the deceleration. The total pressure
is the pressure measured by a Pitot tube, or an "impact" probe. For
incompressible flow, the total pressuré is the sum of the static pres-
sure and the veloéicy head.

— 2

@2.1)

where

total pressure (impact probe pressure)

N
O
"

p = static pressure (pressure at a wall pressure tap)

fluid densirty

©
L

V fluid velocity




The change-in totdl presstire in a duct flow is a measure of the losses

T
v

in the Sow. Thedosses may be characterized by a dimensionless loss -
coefficient; Cpg, -

-

Cpy =~ ‘ (2-2)

1 PV
. , 278,

ot

where 1 and Z represent an-upstream.and downstregm station, re-
spectively. For inCompressible-flow in a constant area duct,

: p
SC ALY

: - @.3) _ :
: 2g, 2g, . h

and:so,

- = ~ 17 . - 2 -
S Por ~ Po2 = Py ™ Py, @.4)

That is, the differencé in total pressure between two stations in the )
duct is equal to the difference in static pressure, 30 that the flow ‘lil
- losses are.described-equally'well by either tctal préssure change or
‘ ' static pressure changé. <This, however, is not true for a compres-
sible (i.e. ,~. high speed) flow.

For a compressible flow, the simple relation between total pressure,
- cannot be applied directly, This equation does not apply becauss the
fluid density will change during the deceleration; that is, the density,
. p, in Equation 2.1 is not a constant. The relation corresponding to
. \Equation 2.1 for compressible flow is bast expresscd in terms.of he
Mach Number:

‘ static pressure, density, and stream velocity given by Equation 2.1 ?

T
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Tize losses can be ekpressed ds:a change in:total pressure in compres-

are known for a given ducting componerit, the exit total pressure for

=2 ;).‘ ) . O ) .
: T2 o - s . e N
" ’ ’ ;.8-
Po _ a o+ 52E Ny ook 2. 5)
. R el «
where k = ratio of specific:heats; a gas-property. _ ‘ )

sible-flow; ‘tlis change is not equivalent to thérstatic-pressure change,
as in‘incompressibleflow. The definition.of loss cogfficient, Equation

2.2, *p‘néy be rearranged to mote- convenient-form through. the relation

1 . g2 1 0 L2 by Ay
rg, AV STk M . 2-6) :
- sothat, N
Po; - Po _ «
c = & 2 2.7)
Po ko, M 2 :
7P My
Cotnbined with Equation 2.3 this becomes.
' Poy.
- D2
S ‘ oL
P Cp - T N L -kjK .(2' )
0 L ni2 k-lM_Z]
2t T e

Thus, if the loss coefficient, CPo' and the inlet conditions, Ml and Poy *

that component can be determined from equation 2. 8; the exit Mach
number, M,, is determined from continuity relations, as will be shown
in Section 2.4. These exit conditicins will, of courgs, bed amic the Lkt

conditions for the following ducting comgonent.
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Total Température -

The total, or Sta"@ghétiq‘n,, temperature is ‘similar to.the tota] pressure
inCefinition. That is, it is the‘temperature which.g gas stream would
feach if it weze-decélerated. o zero velécity. It is bést.expressed i
werms of the Z;Ma'ch Number:

T . ~ .
0 k=12 .
—_— = I_-i-_‘—i-—- IVA . - (2.9)
wheére .
o T‘o = total.ternperature-(temperature of stream
decelerated to zero. velocity)
T = stdti¢ temperature (temperature of the .

flowing gas stréam)

Unlike the toral préssure, however, the total tem'pérature is un-
“affected by Josses. i a duct flow, the.total temperature can change
Qlﬁly through heat transfer to or from the gas-stream. -Note, i'{xc»wever,
that the Static temperature may vary considerably, as by acceleration
or decelerdtion of the ga% siream, according to Equation 2.9.

If we assume that heart transfer to the surroundings is negligibly small
in a duct flow (i.e., the flow is adiabatic), the total temperature re-
mains constant, irrespeciive of the flow losses. The assumption of
adiabatic flow has been made in the calculdtion methods presented in
this report. Therefore, for a zas turbine intake ductflow, the toral
temperature is the temperature of the atmosphere (i.e., the tempera-
ture of the inlet air when it was at Zero velocity), and is constant
throughout tie irlet ducting; for a gas turbine exhaust duct flow, thz

PO S U S




total temperatiire is determined by the exhaust condition at the- turbine,
and is.constant throughout thé exhaust ducting.

. The-assumption of adijabatic flow in tfh;';"fintake duct is-quite accurate,
since-only:simall temperatire differences exist Bétwéegx' the:duct flow

- and-the ,s‘uiréundir;gs'. For the hot.exhaust flow, the adiabatic condi-

tion is.not’so nearly achieved,. :;héugh“insigjnjf,i,c;grit» erior is probably
inttoduced:for insulated ducting. “Toaécount for the effects of heat

transfer to-the siirroundings in.the exhaust duct flow. would-preclude 1

any simplé:calculation-thethod for the exhaust-duct flow ‘Io_s:ée's.\

2.4 Méss Flow Parameter and thé Contifirity Rélation

‘For incompressible flow, the continuity relation may be expressed as - - :
m =.p Alv"l‘\é PAZVIZ . (2:10) . : : v

. -
3 ~ . ¥,

Since density is constant beryveen-aily two sections, the velocity will ?
. " . change-only by viftue of an area change. In a.compressible flow,
P ' however, velocity changes (and thus changes in Mach-Number).can

- occur in a constant area duc:, because-of changes in density resulting
from pressure losses. " hus, the .continuity relation must be applied
along with the Igss relations to determine Mach Number changes ac-
cqmpé‘nying ducting component losses. For compressible flow, the
continuity relation may be conveniently expressed as

g L X . o . . m e ,Ir"‘""""T . ’ )}
| ‘ = 0.532 F (M) (2.11) ‘
; P, A

S ) where the constant 0. 532 applies for a gas of k =1. 4 and molecular '
oo weight of 29. The function of Mach Number, F (M), is

S e B, IR AR
. §

. ¥ . M
e = e A ———————So——— [ S — - USSR ——. Y P S N N S
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: M.t’ SNV (2-.;15)'
i ok #1/2(k=1)
1‘ M,“Z: ] - -

‘
uN v

This- function is.the reciprocal of the: funcnon A/A* rabulated:in Table .
30-of Reference 3.

For an-adiabatic duct flow (T —constant) the contmuty
_comes, with m, = mZ, ) . .

p: 1» I‘(\AL) 02 ZF(MZ) -(2j:1:3)'

T'hus,"foraa' given duct cdmporien't‘,‘ with fixed'area ratio, the exit
Mach Number, M2’ may be.found if inlet conditions' Pol. and Ml are
known, and the ratio.p 2/p 1 is known from loss. coefﬁczentxdata
(see Secnon 2.2). )

SRR e s A o S iz e

Equation.2.11 gives a. convenient Way'to determirie-the Mach Number
for a duct flow when miass flow, area, total pressure, and total tem-
perature are known.

o

T}le:term v ‘
mv.io, '

A’
Po :

is.denoted the ""mass flow parameter”; for a /give'n gas this parameter
depends on the Mach Number only. A similaz parameter employing

static pressire,
ml/

can also be determined as a function of Mach Number., These param-

eters are plotted vs. Mach Number in a later section, to give a simple




computational-aid in determinisig Mach I\igmb‘ex when:other tlow con-
ditions axe specified.

.° 2.5 Chokingin Compressible Flow

e The thdss flow rare.in a duct flow of compressible gas is limited by
the phenomenon of tichoking'. This may be explained py:the following
. -considerations.

ra

Consxler a sitrple ducting component which has,a contmuous area
chanve ge. g., & niozzle), with speciﬁed areas : .

Poi P

1 A, and A,, and-flow at towl terpératuré To,g If we.assume thatsthere
are.no losses, p Py =P 02 =Dy ‘Let-us first hold the-upstream total
pressure, p o1 constant and continuously reduce the-downstreain static.
pregsu{e, Py From Equation 2.5

p02 k= l :k-l/k )
7 (S My ) @.14)

the Mach Number M2 will increase as. static pressure p, is reduced.
- The effect cn mass flow rate is determined through Equation 2, 11,

> N
Mo s e pm P P . ettt e ot © o e e AA————————— = — = B e i S e = P i s e
- v N g Vn e o IR e ap———— ot
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P

e

oy '
-I-‘?- = 0.532 F(Mz)
3’.11,§’1’5E'qﬁatic‘)g?»2. lf,; o - » Co :_' - N

e (2.16)

Sketch 1 ehows the variation of.F’ (M) with N’ach I\umber. As:Mis
incieased, F (M) ‘increases-to

<

o - R
o o o e v —

sk :
y

° . S -
e

Flm)

o mty wive Sawn mmave Gms gume @

(o} : 9 M
Sketch 1

-

a maximum value at M =1.0; and then decreases. Thus, for our ex-
ample, as the pressure P,. is decreased, Mz will increase and the mass
flow rate will increase until 8 Mach-Number 'Mz =1.0is reached, at

wh1ch condition the flow wiil be a. maximum. This occurs at a value of

?7/ =-0. 528, for a gas'with k =1.4. It can be shown that the Mach
?O'L Nurnu“

cannoc¢ pass through M, =1.0 to supersonic values in the min-
imum area A2* . Thus, as the pressure Py is further reduced, the
valuaof'l‘./,!2 remains at unity, and the mass flow rate remains constant.
This maximum value of flow rate is the choked" Aow rate. Tha

*See Keference 2, Chapter 4 for a rigorous explanation of this limitacion.

.
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‘ variation of flow zate with downsmreain static:-presause, By ata
g contant upstream twial.pressuze p is s shown by Skcich 2.
.r < é ~‘ B h - i i _ - - -
R S ‘ B B

S B e VL 7?.?‘. -

§ - T : 'Skef:‘c;é' R ’?!5
Note that when the choked flow condition (i, =1.0).is atizined, the
inier Mach Huinber, M;, also has a definite value-which iS fixed'by ’
the:2réa ratio As/Ay. From E-yation 2.13, at M, =1.0, F(M; =1.0)
=1.0° and P2 r;p{ik =Py

p A i
FM,) = == —-= F(M,) 2.173
! i 1 pOl Al -2 2
N Therefore - .
- g \ i i ‘ 'A2 - o
: . : . F(Ml) =T' B ' (2.4'.8)

j Thus, for -this duct ccmpdnent, there is a Iimiting vajua of inlet Mach
Number, M,, which cannot be exceeded due to the "choking phénome-
. non. '

then Pga/Pgy < 1.0, and the inlet Mach Number at the choked condition
is given by

F(ML) =2 ’ (2.19)

.o If we now assume that there is a total pressure loss in the above.nozzle, - q
ol Al
3
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TCTE3 aappose u*s; t.’m;;’ae 4rder dugt is so shorythat: losses will bz : 2

5 complcze;.y neghcuble.~ ’Ihnn Pys N o and mrare allwneczﬁed and . ‘
the mifimumi-aréa-duct wiii cur at the:maximum. vamerof the tass
flow parametnr, m'v—'/p A . This corresponds to the 'nammum
value.of: E‘(M); “which fa-“tutn occiirs atM.= L (also:F(M) =1:0), the

' -c};okqd cgndmon, Thus,. ‘thé minjmum area duct is deter‘mmedf,by

A

2k -.0,532 | 2:26)

ii!%gnithéﬁﬁ_édﬁ?d}ttél!_JQS' ofm, T o" anc_l Py are inserted. If 4 duct
any smallex than this Wwere used, the specified.mass, flow would not

] be attained, regardiess of how-low the gas wtur‘b._iné .COmMpPIressor re-
duced thée pressure-dt the duct exit. -

B4

If we now allow a-long inler duct in which losses are not negligible,
;he,nfgo,, < Pag- Since. MZ cannot exceed unity (and-E“(M;z‘) carnot
exceed.unity), the maximum mass flow parameter becoines

Po2 A

. Sin(;‘.ei?oz 'lsf_ iess than Po1’ the duct area required to admit the spec- )
ifi’ed flow becomes larger than for the short inler dict, hecause of

the duct losses. The limiting inlet Mach Number wil} bé& sinllay than
unity.
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, Near choking, duct cainponens 10sses :generdlly become so large-that
T~ dris not Jbractical to design fox choked or _ﬁeér-cﬁbked ducting. How-
éver, itis 'ijnéortén_:’i’td realiZe.that regardless of liow much pressure
loss is dliowabie; there are minimum duct areas that wili-admita
specified-mass: flow-at fixed inlet conditions -(e', g. , -atmospheric con-
ditiong), B '

2.6 'Ggs:PféPefﬁ‘?s’

All the relations of the calculation methods presented assume that
the: perfect-gas equation-of state,

p = pRT
is valid forthe duct flows considered. 1In addition, the charts have
béen prepared for a gas with rartio of specific heats of 1. 4, .aid .mo-

Jecular weight'29. These values will apply with ‘sufficient accuracy
to.either atmospheric inlet air or gas turbine exhaust gases.
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3.0. SOURCES AND METHODS EMPLOYED: N DEVELOPMENT O‘“
e CALCULATION PROCEDURES FOR DUCT LOSS CALCULATION

The data sources ard ~cor;;é1a‘fi0rl «mei:hods on which the calculation
procedures presented in this report atre based are outlined-in this

. section. In. some cases. the.available-dara is.incémplete, so that
B aprroximations and eﬁtrépﬁolarions have been.ndcessary; ‘in some
: -cases;. data from various s‘ourgesco’nﬂic_:t, éo that some j'udgmem; =
has been neczssary in choosing data fér'proce,dures. “Under thése
circumstances, ‘it seems desirable tosuppleﬁqjént the recommended’

calculation procedures with this outline of sourcés and methods.

i 3.1 Stréight Constant. Area Ducts

s

: The proceduzes for straight ducts are based on' the calculation-methods
develoged by Shapiro, arnd othérs. These-a re-developed in.detail in
Reference 2, and‘are a standard method for compressible flow calcu-
lation to include the effects of friction. The recessary compressible
flow parameters for this calculation are plo:ted in Figure D-7.

5 Duct friction factots are:taken from Mcody, Reference 4, and charts
are reproduced frem this reference as Figures D-3 and D-4. Keenan
and Neumanz, Reference 5, show that there is no significant effect

of compressibility on.friction factor for subsonic flows, so that the:
friction factors of Moody may be applied without Mach Number correc-

- tion.

! ' :

i The friction factors of Moody were determined in fully-developed duct
i’" flows and do not apply to flows in inlet lengths of ducting, within about

30 to 50 diameters of the duct entrance. In this entrance length, ve-

P ' locity profiles are not yet fully developed. Reference 7 shows that, for
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an inlet length with a smooth entrance (2. g., 2 bellmouth), the flow

is laminar ‘until a léngth Reyrolds-Number, Re,, ® 10, is attained
(Re, =p VxX/u, X being the distazce from the.duct entrance). The
theory of Langhadr, Reference’§, has been shown'by Shapirc topre-
dict the correct vaiue of. frictivn factor in th1s laminar region. Curves
prepatred from L;”anghaar's theory, taken from Referénce 7, aré re-
produced as 'Figure D-3. At the duct length corresponding to‘Rex =-06,

a transitior to wirbulence.occurs; Reference 7 presznted data for

friction factors in this wrbujent region. The curves of Figure D-6
represent an average frictior factor (calculated from Curvés faired
through this data) to-be-applied in this turbulent iplet iength. The
friction factor in the tirbulent irlet region is shown-as 2 ratjo to the
friction factor for fully-develoced tur bulent flow at the same duct
Reynolds Number (Re =p VD/u); this:ratio is larger than uxzity.

Therefd;é, losses are.larger in an irlet length than in 2 fully-dev,elo};ed
flow. If:the duct éntrance is vot smocth, or if there i$ a screen in the
entrance, Shapiro has shown that there'is no laminar inlet length, but
that the entire inlet flow length is turbulent. Thus, for such entrance
conditions, the turbulert in;et friction factors -of Figure:-D-6-should be
gth, '

o Rapnd

applied to the entire irnles len

Calculation procedures have been devised which take into acccunt
these special cases of inlet flow lengths and determine the apgropriate
friction factors according to the above consideracions. These are ‘é
- presented as procedures P-9 and P-10. Inspection of these procedures
will show that they are ccmplex and lengthy. For this reason, a simgler
approximate procedure for inlet length calculations has been pregared,
procedure P-3. This approximate grocedure emgloys the fuily-deveiopad
flow friction factors of Moody, and will urtarastimats the frltjon
losses. It has been recommended for use in the duct ezlculation method,

.
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3.2

3.2.1 Abrupl;:Afeg Increase

howevet, becausé the imgroved-accuracy of the more romplex methods
is not gérietally warrarred for duct systern calculations, -because cf
the uncertainties i the loss caiculaticiis of dther duct System comgon-
ents. If, howaver, a.duct.svstem censists ptimarily q’iszgé;ght uns
of ducting, or if the designer judgés the improved accuracy desirable,
the more accurate procédures P-9 and P-40 can be.used..

j‘gexlcsseS‘fdr beilmcuth-entrances incorforated i ‘these Aprbced'ure's
have been estimated from the duid bf‘Hen;rY;. Refe;egce':?., The.lcssés
for sharp- edged inlets, aud for ‘inléts with screens ard-gratings, havé
beer computed by-a methéd similar tc«th,é't. described in.tha séét;on on
abrupt area decrease, ircorporating an,ex:;apol,é’t’i'ohof the data for
contraction coéfficierits, Reference 12. '

Area Change

A -calculatior: method for prediction o_f..’%o.sses it subsonic flows through
an abrupt area inc_;rease ("sudden exgansiorn®) has been developed by
Hall and:Orme, Refereng:e 9. These authors. have verified their cal-
culations by experiment over a range of area ratios from 4 to 30, at
entering Mach Numbers from 0.25 to 1.0. Cole and Mills, Reference
10, have confirmed the method by exgeriment i the area ratio range
from 1 to 4. This analytical method has, beer apglied here to the cal-
culation of .total pressure losses and Mach Number change, and results
are plotred iz the design charts of Figure D-9.




P - &

The experimental data-of Hall ard Qrme indicate that the total pressure
loss and Mach Number 'éhr'—;pge} take placé in a mixing length of 4 diame-
2 ters downstream of the sudden area él;épgﬁé. In the calcu!glt;ién/proced,-
ure, the total preés’uré«l‘o‘ss a{:tributed to the-area change is’ therefore
.. . . fakez to include theloss. Sf 4 diamerérs o_f downstream duct. In the
calculation of ildSSes in other .dui:ting components in Which: the loss is
‘ attributable to.a separation and subsequent thixing of the flow (e. g
sudden contractions, screens, sh.alrp‘-ed’ge entrances, etc.), the total

pregsure loss and Mach Number change-attributed to that component

have likewise been taken to-include 4 downstream duct diameiers, on - !

'the_ basis .of the expei'im,emai evidénce of Hall giid Orme ,(a'nd oti:ers},

e.g., Reference l<3),, unless some ‘data to the contrary has been avail-
; able for that component:

-

3.2.2 AbruptArea Decrease ‘ ' L

Apparently, the problem of compressible flow through abrupt area -
decreases has not heen previously considered in the open literature.
An anclysis has therefore been develoged according to the model for
incompressible flow suggested in Reference 11, '
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As showi in Sketch.l, the flow is assumed to separate-from the .
sharp corner. of the'atréa.change to produce a free streamline flow,
contracting-to the streamtube ares, Ag. Tu’i:bizlent mixing then
occurs-bétween sections 2% and 2:until the ﬂow fills the area. A2,
at esséntially ¢onstant velocity across;zhe duict cross-section. The
flow from section-2" 6 2 i§ treated-as an.abrupt area iicrease, as
fgesei:ibedci_ﬁ';Sec_:tie'n 3.2.1. .The area ~_Ai' must be related to the
 Known-zreas, A 3 and: 'Az, by experimert, since‘there is no analy-
tical method«for predxcuon. Values-of area zatio A: "/A ‘have been:
;taken from the data- correlations of Reference 12,-which gives the

arez ratio. A3 2 /A ‘28a functivn of A,, /A ands 1n1et Mach Number, ML

The resﬁ;tﬁepf this anal_vsis are pr.ese;;ted in Figute D-10 whic‘n
shows éxit Mach Number and total pressure ratio as a function of
area ratio and inlet Mach Number. Total pressure loss and Mach
Nimbez change include 4-diameters of downstream ducting. Although
pressure losses are-small, note that moderate area changes produce
large increases in Mach Number, so that only’ small drea decreases
can be afforded in hxgh speed flows.

3.2.3 Diffusers i

Although a large amount of literature descfibing diffuser investiga-
tions is available, correlations of these data have as yet produced
no systems for diffuser design or loss calculation that are entirely
satisfaetory. Available correlations of péx—formanqe have been ;
formulated on the basis of diffuser geometry alone. Various inves-
tigations have shown, however, that there can be substantial effects
of Reynolds Number, inlet boundary layer thickness (i.e., inlet

velocity profiie), compressibility, and discharge duct geometry.
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However, there is not- Suffii:ie1t data yet available to: inchide such
effecrs ina general correlauon, so that we thust rely on correlations
of performance with geometry alone. Such.corzelations exhibit.con-
siderable scatter of the daca, because-of the-influerice of the effeCts
noted above, and so ate subject to some uncertainty in- calculanon.

j ‘The most compléte correlation.available in the.open literature is that
.of Patterson, Reference 13. ’I’hé’desi_gn curves of desi‘gn chart-pD-~11
of this report, taken from the coﬁ:elagioiis.éf Patterson; are recom-
meénded for de_t{arinination of 'iricompressﬂile flow losses in conical
diffusers.

Various scherrieé-‘have‘ been proposed for cg;rélatmg recganguiar,
Giffusers with conical; the method recomimended Iiez;e is to assume
the 16ss in'a diffuser of rectangular cigss-s'ection to be that of an
equivalent conical diffuser circhmscribed about.the rectangular dif-
- fuser, as:‘n the following sketch. : . ) -

RECTANGULAR
DIFFUSER

CIRCUMSCRIBED
CONICAL DIFFUSER
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Highi speéd flo.y effects on diffuser performance-are shown by Little
- -and Wilbur, Reference 1%, and by Young and Green; Reference 14,
for ‘several conical and rectangular.diffusers. ‘Correlations fromi -

. . the-data of these investigators.have béen made; and are shcwn on 2
design-Chart D-11 for use ds correction factors to-the incompres- ]
\siiil,e;'lé}s[s‘. coefficientS: These correla’jon curves.are based on-datz :
from only a few diffuser geometries, and shoiild be considéred to
be subject to revision‘if mére data becothes available in the fumire,
The effects of increasing Mach: Numbes On.performianice. of a.diffuser T
with & fixed inlet boundary-layer cc-nd1f_;an has-beén showi in Fefer- 5
ence 15 to-be smaller thari the effect.of incréasing-inisrbousidazy - :
thickness.at a fixed Mach Number. Such resuits és.«,;};esre: indicate

that'there will be considerable-uncertainty in-diffuser. Joss-calcula--
tions. The récommendarions-in the-curves of D-11 simply. repésent -
the best correlations presently possible from existing-datz sources. : =

Referting.to the Mach Number correction curves; note thag;the towl
ﬁres_s’urei10§sﬂ for conical diffusers begins to increase markedly at _ -
entering dvach Numbers.of 0: 4 to 0.5; choking occurs in the range of P
0.6to 0.7. Although rectangular diffusers do not show as markedan . i
\increase in loss with increasing Mach Number, the incompressible .
losses are much larger than for conical diffusers; thus, the tctal loss -
always is larger than for comparable conical diffusers.

The following remarks will serve as a guide to the designer:

1. An angle between diverging wall§ of about 6° - 10° gives best
- diffuser performance.

- 2. For a given area change per unit length of duct, diffusives of
circular cross-section give the best effectiveness, with square ¢ross-
sections nexi. ’
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3. ‘Treinlecvelociiy distribution has been shown w-affect. diffuser
'perfozgnance,(g. €., Reference 13). A velocity distribuzion with.a
thiri-boundary lay.. atdiffuser entrance gives beicer diffuser per-
formance than a thick'eariy poundary layer, with losses differing

by as.much as 200, between the two cases.. Aithough littde can b2

done-in-a ducting Sysiem o control bgundary layer taickness, this

-effect jndicates that better, diffuser-performance can be-expecied
for a diffuser relatively near ihe-duct.system inler-(less than 30

diaineters) than would he expected afier suificient leagth for fully-
developed flcw to 'be-established; and that a diffuser following a berd,
or some: simiiar component which may gernerate-a thick or separated

‘boundary layer, ‘will have relatively poorer performarce.

4. Compieie-pressure recovery is not rezlized at the exivof the

uffuse -~“about 4 to & exit duct diames rers dowastream of the exit are”

required for-compiete recovery.

‘5. Fox moest commcdy used azea zauos, {up 10 abour 6: 1) an abrups

area’increase rZsuits in less-toal pressure loss than a diffuser %t:-zh

wa!_i angle, 2°6, gréater than-40° - 50°.

é Totai presstire loss increases with increasing iniet Mach Number;
the e‘i‘ect is more sevére with large wali angies ang alSO with thick
entry .;m.ndaxv layers.

7, Various-schemes such as boundary layer control by suction,

injecrion, and yoxtex traps, znd delay of fiow separation by curved
walls, have been dévised tc improve diffuser performance. Vanes
have beesn used to-stabilize the flow 2ad thus improve performace.
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Taess possibilitles kave no: beea considered in this Study, since 5o
d&ﬂ:nizive design.ruiss can be faid dowm 2nd the finol design mast 72-
sult from testing o determine em;_m;lﬁ_‘_l}' 2n-opfimum configurarion.
S - - -

3. Whes spece limirarions would zeq.iiie a @iffaser with large wall
zngle, iris oiienwtse desiraile o eniploy 2n eﬁmea. diffuser {wail

azgie, 2@; of abouz IC jfoum.ed by an gbfup: av& 4nczrease w me

desired area. -
" 2.2.4 Coaverging Duct{¥ozle) :

Losses in.converging ducting are smell compsred to those in-diverging
duczing (Giffusers) becziise the accelerating flow in a comverging duct
presenzs-a favoiable pressure gradien: for ihe wall boundary layer.
For small ¢one z2ngles (i.e., less shan 30 ‘included angle) there are
generzlly o sepaiatica-mixing losses. There is:Hdle inforination
avaiizblé in the Yzeraure on Mach Number eifects in converging sec—
tioas with Gownsiream ducting; most available ézia deals with nozzles
exhausting 0 z large chamber ur 2rmosphere. Therefore, iris recom-
mended that converging Cuciag with included coneangw sialler than
36° b2 treared as straight ducting, with L/D computed on the smaller
diameter of the converging section. For ‘acluded angles greater than
300, it is recommended ihat the proceduse for abrpt area decreass

be applied 1o converging sections. ‘

-

Bends

Loss data for bends are shown in design chart D-12, in the form of 2
low speed (incompressible) ilow loss coefficient, and a Mach Numbe:
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show th2glargs :ez’nms in beatloss cosfficienis are pessible by
emg.’.agﬂz:gm. The vazes tHwZich these daia apply, however,

ate 25l sacrions fgee respécrive Referenoes for design informedon),
2o apperenily require cousidershle sephisticarion in d2sign technique.
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For beods with Sifizie "sglifters™ (i e., venss %hich are s of irfoil

froin BxShizs Desizn Derz Shees, Referexce 1, B2 35524 in coajunc-

tion wizh e Mach Number cosrecton orves for bends withou: vEoes. .
Tkere is no speciic det2 @ support s proosduee, xospt e ingdi-

c2tices from Befezence 18 ther percenmmge chencesin JooT oozifcient

with Mach Nemxber a2 of the same order, regrralsss of wheder e bend
B2svares o oot )

-

The preper meiod of comprsing Coctirs oompooenlS Which 2r2 cipse-

v

ec=nled is sempessed By some ehseryariees raporied by Yoz 228

Cresn In Befezerte 16, "“0ose-oorlel® comtnanss 1€521S  IE0

zdfpoer: oming oomEonEmTs, Suoi 2s a beod &llgwes By a diffaser

|}

o - -2 . . - -
672 99 bexd GSllowsd b zootker bend, with lese than S Bamerers of
smaigor Corl seperedins B2n. ©OT Sioh COmponsss 2rzengemenss, it

is recommzadzd i o2 calclziion srocetarss ther Sollow et ke inles

|

-

22ch Rowmber 19 o2 secct ompes=ecr be oonsider=C &2 s2me 2s e

e Bm o - . . e .
izler Bloch Mozher o the Srst compomezr.  ThES recommendagion is

Ecsed on &2 folicwizs ohservazisns of Reference 6.

Yeunz 206 Grezz bove reperted fom viszal ohseryamions (Sckiizzen
DIIoFsaris) 6 hiza sp2ed hand flow's 2hat §n the exit flase of s b




wh

effect of the rctal pressurelosses iu the bend will be felr all across the -

-29-

there is an isentropic core flow in which the Mach Number is ipaffecred

by Josses in roral pressure. In this exit plane, losses-are concentrated

in.the low-energy fiuid in a2 thickened boundary layer near the bend walls.
This row2] pressure loss.does net affect the Mach Number in the core |
flow umtil 2 disiance of about £ diameters dowastream, when miging of
thz core ficw and Gie bounéazy—.’iayez ﬁpél has bezn comgpleied.. From
this, it aﬁgxears that if on2 must clicose 2z one-dimensicnal Mach Number ;
10 chiaracierize ihe flow in the exir-plane of the bend (as is REeCcessary

for the czlculation procedures), the proper choice i5to assume the Mach
Number uachenged from-hend inlet plane to bénd exit plane. Four di-

ame=ers downstzezm of tiie bend exit, 2fier mixing has occurred, the

cuct ang tire one-dimensiopel Mack Number will bave increased.
Screses aad Gratings , -

The subsonic compressible flow mrcugh round-wire scresas or graings
{sczeens of skarp-edged elemsnzs of aa¥ geomei:;y) Bas been considered

by Coresll, Reference 12. Cormell.gives Ioss cozfiicients for such -
sczeses znd greengs in &uct flows, for verisus screen sofididies {ratio

¢ open area in screen © 1 Sir2z2m Guct How are2) and ugsirezm duct ?{
Mach Number. These ha-e bacn raken directly from Retereunce 12 and are
incleded as design chars I* i3

- - 3

The oss coefficiests of C «p--i <0 oT 2pply w0 Scresss &t e moud of
2 sharp-efgad (i.e., po Ballmuwatlh) inteke cecr.  Corzelits ceicuistions
for sh2zp-edged scraens kave baea exiended for screens a1 e inler of

2 sh3Tp-edged enirance, besed on 2a extrapoitidoa of the éziz for con-

g

tiaciicn coefiiciexts given in Figure 7 of Reference 12. Resulrs 2re
stowa in ¢esiga chart D-6.




4.0 CALCULATION PROCEDURES AND EXAMPLES

4.1 [Isterpretation of Procedure Diagrams
. Calculation procadures for all ducting _compéﬁems aze described
graphically in thediagrams:P-1 toP-i0. These Giagrams are to
be interpreted according to the following examples, taken from
procedure:P-2. .

1. Quantidies which must be kzcwn as initial Gata for the calcu-
lation are shown in circles, e.g. '

2. Quantities whichare determined by theé calculationare shown

in boxes, e.g. -
" Re
3. Directions for calcuiziion are shown on linés coaneciing ele-

menis; e.g., M2 scauence

, |

I i Re
e \’

- ipdicaies that the desizn chart nucber D-2 is o be entered -
with guantities whic.. are keown as initial datz, m/D and To'

- and Re is 10 be read izom a2 chari. Tie secuence

¥ B
- : 3le 4f%




e B 2

et 4 — A ———— - —

dndicates that 4f, whichis a zestﬂ:rcif'previoixé c:;laﬂatio‘1; and
L/D, whick is knows s initial dzta, are io b2 combined by cal-
culation to give 4f(L/D). Here, the e-:}uétio_:izre@ired-_ for cal-
culationis obvious; i.e.; 4£(L/D) =-4f x L/D. Iacases where
the equation s sor-obvious, it is includedin the box contining
the result, as.in the-semicice:

‘.(P"/?"f)h' - ("o/éo;)é-

- L - il

©,/05) ¢
o/Po

=902_
. P

© . /2F5) ol
; °/°.1

-

The result of the indicated calculation (i.e., the vourpur of the
box) is always shown cn e righr-bkarnd side of the ecuation.

4. In some casess, alternate caicularion grocedures are indicaied,
as in the sequence (=2ken frem procedure P-10).

D/ czle ‘ o
3 D= l
. D.. '

i Re ©§ !-———-o
(/OA calc ” ) -
2 :

< : 30Re=Bex

This diagrzm indicat.s iz the uprer pata is foliowed I L/D <30
: plademdieting,
and e lower paz if 1, D > 30.

3

m\* NN

=.2 Excmples : .

. E:amgles illustrating the ase of cach procecure diagram foilow tha
diagram. Each box coniaips the numericzl resuit of using ihe design
chazts or of calcilation as prescribad by the procedure diagram.




4.3 Closely Coupled Componenis

Area changes, beeds, ard screens zre as'sumed‘toba.follc'.ved by 4
didmeters of straighs duct in which the flow mixes and stabilizes.
— Whes two component$ are not séparated by 4 duct diameters, the cal-
\\c:ﬁazioﬁ procedure is modified as fellows; °©

-

i. “The pressure lnss of fe first componzng is deiermined in the
usuzl manner. -

2. ‘fhe pressure loss of the second component is determined by
- assuming the same enrry Mach Number as-emplioyed for the
first-componenz. Ta2 pressuze &ss for the combined compoa-

€ats is thep
-}, - 1Py BN
O%iise component % odan-oomgz;&m .ol Toal

3. The exit Mach Number for 2 combined componeats is deter-
mined by c2iculading the mass fiow péfamerer at the exit of the

bt

secozd compoEnt, |

’;’m =tﬁ’m ! 1

- ¥ Caltyy
Po2 42 |exiz { o1 Afenmrance | #2tom1 92 O

[

A b

21

Exit Mach Number is dererminad directiy from this value of mass
flow paramerer iarougn charz D-1a. This procedure is fllusirazed
in Section S for a2 sczeen followed by a bend.
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PROCEDURB P-1

MACE NUMBER CALCULATION -

-

Total pressure known '

Static pressure kzGivn
D-lk o A

. 3

1

3

3

!

- — S - e —— S




MACH NUMBER CALCULATION -

%

Total pressuzre Xnown

o.2
- ’ 04-2
Mass Fiow "t =12.81bjsec S =
Total Temperamze T o =540 K ‘
Duct Diamezex D=1f ) i
Aozl Pressiize P, =147 psi -
Staric Pressure p=14.2 psi
1
i
1
L
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PROCEDURE P-2.1

- STRAIGHT IUCT (INTAKE)
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PROCENHE 2.2
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PROCEENSRE P-3.4

DUCT DVLE T LENGTH 171
SELLAOGTH EXTRANCE
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ABRUPT 3REA INCREASE (EXHAUST)
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PROCEDCRE P-4.:
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ABRUPT AREA DECREZSE (INTAKE)
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4D : DIFFUSEPS (INTAKE)
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PROCEIURE P-5. 1
DUCT INLETS. ALTERNATE PROCEDURE

FOR BELLMOUTII ENTRANCE,
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DUCT INLETS, ALTERNATE PROCEIURE -
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3.0 APPLICATION OF CALCULATION FROCEDURES TO A
DUCT SYSTEM

The auct system shows iv Figure | was chosen w {llustrate the
applicarion of the calcuiation procedures and 0 provide as example
comperisca of pressure and power locses for different Juct diame-
t2zs. The results of the calcsiations for three different duct diame-
ters of this Guct system sre Whuiated ia Table 5.1. The greseuxe
losses anc power losses are plcied in Figure 2. Note the severe
increase in calculaied losses as the duct diameter Gecreases.

The pcwer loss penalty associa:zed with the duct pressure losses has
been calculated from a linearized analysis described ir Secdos 3. 2.
The pressurc iosses are so iarg=. however, that the linearized
analysis should be regarded as giving only approximaie estimazes
of the power pesnaities.




— .Q 4 et G P
, R L
— ANINL SVO I ———=
/ J GM
'
_ & _
/W.\,
s £
\ ar—- |
ﬁ - Provesy - pr—, - ’
. 5 [ o)
ayv
@I.I*
2v
]
7
,
Yy
\ v
. 1 |
P Aaunad !
FIANV X LOAOA T 1 DA ® !




- . - .

— - — - — ———

. - i D O B w——— — e | | i o | ey
-

-, |oo8

ooe

TTIINYXE WELSAS LONU YOI SSOT YTMO ANV SSOT THASSIUd .

'
] [ PO S B

\ooos

. — - ———— - -
. -
PR
£ )
. - .

- (dH) SSO'T HAMOd INIUNL

g FHIOIL

et o LA g S S s e J...J:s R N
STHONI - ygIEWviazona | '~ ¢ 1 SAHOMI - YALIWVIU LONd
. g S ¥ e 9 & 0 8/ St 2 & 9
? . . i \ o R _ ) ” .
) ~ |
“ . L) v v
w ) 0o/ N _
! o
¢ ~_ i o
L QQT.M;.._. . . “ -
i _ : ' i
| | ¢ _ )
| o
. OQQ* .. ' ,_
i m \ ' x “ .
{ ’. ' ‘ ¥
L”. « w.: °°§ m N
. _. . M
) :w
] b
| !

LSQVHXH

; i

\ . '

o _ |

“ , . _

Vo ) ;o

_ _ ! o

) A2

s : . m , Q '
. ! B .

{ ' \

S R R

AT T A SR SR R To L LA ¥

o/

ISd - §SOT 3MNSSTYd TVICL LON1d




&
TABLES 1 )
CALCULATED *$ESSGRE AND POWER LOSSES
FCXR VAKIGUS DUCT CiAMETERS

INTAKE DUCT (with flow ras of 15 Ib/sec)

Dot Desmeszs (fa. ) 18 12 e i

Preessre Loss (pef) &l 077 1.5

Pcner Loss (F) &5 6.5 14
EXHAUST DUCT (with flow rate of 16 1b/sed)

Duct Diameter Gz ) 18 12 2

Presscz2 Loss (pel) 0.5 405 3.7

Fowez Loss ) 42.7 233 5.8
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TARE 5.1 (Coat* %)
PRESSURE RATH. AN EX ° SRING MaCH NOMBER FOR EACH SYS

12 DUC™3
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-

S ————— ———————— o ——

Emtv oo
Screx, S=C.8
e, 90°
Sizaighk dxt
o

Bead, 90

1.00 : T 0.257 i-00
0.9
0.9% RD
0.2 6.56 LC
0.2 0.99% - AT

T
©
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nw

L

0. 162
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i :
s 1 s ’
. Diffuser 3 ' i 1 0.2:8 0.967 A,
% : H E 20
3 § . :
Scraight duct "e.:2 ¢ 1.00 : L/D=7.9 :
i a : ?
TOTAL INTAKE | i 9.993 f . 0.947
SYSTEM i : . :
: i z
i! é s ;
Exit “g.178 | : | 6.0
f . :
Straight duct 2057, 0.9 - L:b=23.3 | 9.3 0.935 L <
Bend, 9° Yours | coes ° rD-073 : 0.360 0.97¢ R
Straight dux 6174 | 0.97 L D=12 i 03¢ 2.967 LI
BenJ, 180° 10.173 | 0.998 RD=2.66 . 0.5 5.9 R

* TOTAL EXHAUST, L 0.98 0.675
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TABLE 3 : oot )
AND ENTERID* 3:aCH MIMBER FOR £AT° SYSTEM COMPONENT

12> OUCT: : 9 OUCTS |

—

L 7 :
Ezocriag = Txal * ! Emsetizg Toml |
Geometry Malh ° Presiuse . Gecmetzy T Mk Fressare '

- Nombet Rato I

(3

[
se 1 § e -ﬁvq

!
!
|
t
“
i
t
{

. 8
)
r.-r-vvm-nu-’-—-

.

+
-

.2y £.00

o
’
3

4
[}
“rEY WIEY ¢ EMIE W :i\‘-w | pup PRt TN

!
; 0.989 i 0.945
RD=1.0 09 &D-15 | . 0.988 ‘R D=2.9
LD:=24 ' 020 0.9 i D=5 { 0.5 080 iLD=47
: RD=i3 i £.26 0.996 - R D=2 [j 07 097 an.w
; 0.8 0.95 A, A =225 | G7% 0.9% A A =43
b E : o, 20 =100 : I2e-1i°
LTy | f . !
. 0.947 ° : . 0700
: % ? o
}- ; : é
: i i
4 0.%0 i D.658 :
LD=233 9 g3 | 09235  LD=37.25 | 0.4 0.810 L D=3t
R-D=0.75 1 030 097 RD=0.75 i 0.40  0.975 | RD=1.0
L-D=12 5347 0.967 L D=2 5 0.429 0933 | LD=28
6.385 :

RD=2.6¢

: 0.993 R/D=4.0 : 0.425 - 0.991 : RD=5.33
¥ 6875 ; . 0.728
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%1 Sampaz Ducr Presauze Lose Galculation

S.i.1 Intake DLx -

zsc flom &t = 15ib/sec -
Temperamre T, " 340°R
Pressure Py = 14.7 psd2

Duc: diameze: D = 9
A = s;!)z,ié’se.uzftz

Mach Number : P-1a

=T . i5Ye

= 9.3

Py A (14.73(144) {. 542)
M, = 0.4
Belimouth Earrance ; P-3.1
S
4?me,la)r = 1:47
g./p%) = L.42
/%),
<7 z.;D)equiv = 0.03
4?Lmax/'D)2 = 1.47-0.03 = 1.44
M, =0.455
Po/Pg) = 1.4
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e \S:zees. sciidity, s =0.£, V-2 ] Oloce use of sace &atericg Xack
. Number Dr iinse-coupled composanss)

e, =0. 460 o
$=0.8 Cog =0-40: 1-8;/8,,) =051
%
o .
-5?-‘- =(0. 549
ol ees

Bend, 906_; P-7.1 (Note use of same estering Mach Mumber for close-
coupled comacneats)

F o = W) 6
Be = 2.1 x iC

L
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~
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Mach Nember (af-2: clowe-cpupled com,m £);P-ia
- “\- ] ltf? ‘3 ﬁ. ”l, ftga
?02 /9 ' EugLer {:—:---"f— paz
—_— =0.9875) {0, 1iND. 5} = .93l = ——
pol Pol

il A x o1 . "'V‘o L, .33 a. 201

-

Mz = 0. 507

Straight Duct ; #£-2.1
~. D=%m =0.75k
L =33.5f L/D=44.7
6
Re =2.1x10 7 = 2.0181
2/D= 0.0005/.75 = 0.00067

.

4% 1./D = 0.809

- T

"

M, =0.307; 4% ““‘”‘) = 1.005; -.%-) = 1.53
2
2

D D
o
M3 39 7 i = } 09
— /3
s - -N\\»

p
_93 _ ¢.820
Poz

w .,
4t max) - (4T Ly - 4?/(!;“;_}_“‘3‘_) = 1.005 ~ 0.809 =0.1%6
) 3




Beot, 907 ; B.7j

R 20

w—

D 0.7

My =6.7
6

Rex2.ix10

= 2.67

Cp, =0.074; Ky=1.29 (Note: probably chokes) K¢

K, K Cp_ = 0.0955

M‘4 =0.75

Diffuser ; P-6.1 &

T
L"-‘- ¥D=3 ———»
M g6’ —
-~ KEE e

an e < (3_-3‘?5'5%25 = 0.0972, © =5.57, 26 =11.1°

=1.0
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P

e

Kp* 2.0 (Note: no data - may choke)

A
4 1D ¢*

2
As D5 82
2

4

20 11.5°

A, =075

-~

Cpo =0.112
KD Cpo = 0.224

p
1-—‘)9-5- = 0,061

mYT P A
E'X“;SP4 4 _ 0.3501 = 0.1335
0575 (0. 939) (4. 0)

e




#z,
4&%
. "’C’/&(
fressure Ratio fcr Intake Duer P I3
N - T
, %5;- = (é $31)(c. a'za) (0. 3’76) 0.939 = a.700

m = 16 lb/sec

1500°R

-3
]

ps = 14.7 Psm

D = 9ijpn
= 0.442 £2
? Macf; Number ; P-Lp
mYT> )
[0} -
~5i—]= 0.662 -
P 9
M_ =0.688
5]

Straight Duct ; p-2.2

L =38.25 -
PR AREE

! D . Re=1.1'x106
T, = 1500 °R

B T T




< = 000967
D

41 = 0.0182

L .5
D

st _ .92
D

M <0.688; (4T 2 g 225,
D s

pO
s¥ 1 =110
o Js

i
4?,._‘29_5.\ =0.225 + §.928 =1.153
)
\
o
M, =0.45" ;‘;_}\ =1.36
51 pO s

_5. =1.0
D

M, =0.490
Re =1.1 x ioé
Cpo =0.177

Assume M3 = (. 470

Ky =1.086 Ky Cp_ =0.192

pm} P..
b= = 0,025 04
Toz 7 =0.978

o3

TN e M STt o
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Assume mur ine nozzles choked

(1) Increase ir mirbine exiaus: pressure, p &
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Multigiy by p,
‘w m . p - k'l/k
o (e mt o, i T
74 2 P Po3
P
P .3 P
Let r_= 2 = .-02 » design pressure rado
P P4 l’ol
Linearizing,
m k-i/k )
k-1 1 -
G = aW, "(‘ * Tni\ 1 Cox To3| T P,
a “ \ a) P -

(2) Decrease in compressor inlet pressure, Por’

Assume compressor pressure ratio does not change
- L 4
Py Py

=T =
o]

Po3 = Po2 o Po1 } 253 rP Poi

oW m . p 3 17k
X ool f 5 C T k-1 "4 g i
3D, m, T "p 03 k I, A5 Po1 pz

ol

Multiply by Por’

3 1
\ K-1/k
ST PR &) P k-l( Py
NP m )T o3 TR TP
\ ol

apol

—— "
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= ch/—p&z)
= \Po

Numerical Example

Turbine conditior.s; Fuel-Air Ratio ~ 0.014 Ib fuel/lb air
Efficiency - (.70

Turbine Inlet Temperature - 2060°R
Design Pressure Ratio - 6.5

SHP ~ 1100 WP

Assume Cp =0.24, k=1.4

m k-1/k
b g c Kl f L
T m, [T p K 03 rp

-

Q
t

AN

y L 286 o0
(1. 014){0.70) (0. 24) (0. 286) (2060) (-5~ L8

B

83.1 H/lo/sec

Inlet;

3
"

15 Ib/sec

0
n

83.1 IP/1h sec

A a3 i

v ek
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.

L e — Sl e 1

0z~

4]
}

= 0.3

Aad -
CAY Pam " % 14.7 - 10.3
. Parm 14.7

>
B
)

~(15)(83.3)(0.3) = ~ 375 iP

e
5
"

- Ap

8
"

16 lb/sec -

0
1

83.1 m/lb/sec

S
]

0. 425

0.883 ; = 23.4 psi

po4

P, - P 4.
A 4 2 L4 - '
( pl m = 21 2 14.7 = 0'442

Par ) 14,7

..
o'ol'f’
{
.bv
1

P>
s
n

-~ (16)(83.3)(0.405) = -588 Bp
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NOMENCLATURE

/:\

Cross-sectional area,('ftz

~— )
Total pressure loss coefficient
Diameter of duct, fi

Equivalent diameter of non-circular cross-section duct,
A
4 x wetted perimeter

Pressure coefficien: compressibility factor for bends
Pressure coefficient compressibility factor for diffusers
Bend angle loss factor

Duct length, ft

Duct length to attain M =1.0, in a constant area duct, ft
Mach Nurpber

Gas constant, lb force - ft/lb mass.- °R

Duct Reynolds Number, pV D/u

Inlet length Reynolds Number, pVx/u

0

R

Velocity, ft/sec

.

Local velocir; . £ scun, ft/sec

wveloped fiow

Friction factor. .




-

NOMENCLATURE (Cont' )
t,  Friction factor, inle: laminar length
fz Friction factor, inletr turbulent length
£, constant = 32.2 1b muss-ft/lb fo::c:e-scec2 Y
k Ratioc of specific heats
m =~ Mass flow rate, 1b inass/sec
p Pressure, psf
s Screen solidity = open arez in screen/duct area
b 4 Distance from duct entrance, ft
Greek
¢ - Duct wall rougansss, ft
20 Angle between diffuser walls, degrees
T _Viscosity, lb mass/sec-ft
o Density, 1b mass /fr3
) ‘Angle of duct bend, degrees
Superscripts
* Stateat M =1.0

= vy ey Ao —n < - -

T RS AT S £ >
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NOMENCLATURE (Concl' d)

Subscripts
o] Stagnation or total state; condition of fluid brought to
rest isentropically

| S State upstream of component

2, . State downstream of component
‘ tr Transition point from laminar to turbulent flow
‘ 2 State, four diameters downstream of state 1
|
!
3

e o

— v——

B




ot — O A PP 20

o “z - “L:/”/ e
-106 -
Special Nomenclawre for Turbine Performance ; '
Calcuiadion
C specific heat, B, R
P o k-1
_ _ 3. f k-1 1 X
Cr turbine power constant = 1 +-ﬁ; e Cp X To3 -f;
P net power delivered by turbine unit, horaepower
W, net shaft work, ft.lbs/Ib. of air
m, mass flow raze of fuel, lbs/sec
m, mass fiow rate of air, lbs/sec
!p /,/design pressure ratio ) |
1 comprassor efficiency

T - turbine efficiency
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